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Modelling the role of dynamic topography and eustasy in the evolution of the
Great Artesian Basin
Abstract
Widespread flooding of the Australian continent during the Early Cretaceous, referred to as the Eromanga
Sea, deposited extensive shallow marine sediments throughout the Great Artesian Basin (GAB). This
event had been considered ‘out of sync’ with eustatic sea level and was instead solely attributed to
dynamic subsidence associated with Australia's passage over eastern Gondwanan subducted material.
However, mantle convection models previously used to explain this event have since been shown to
overestimate dynamic topography amplitude by a factor of two compared with residual topography
estimates. Previous models were also based on a Cretaceous eustatic sea level peak at ca. 90 Ma in
conventional eustatic sea level curves; however, more recent estimates of global sea level from ocean
basin volume (OBV) suggest this peak may have occurred earlier at ca. 120 Ma. Our work links timedependent erosion and deposition with dynamic topography and eustasy to test their contribution to
basin development using the landscape evolution code pyBadlands. Our results show that the lower
amplitude estimates of dynamic topography derived from pseudo-compressible mantle flow models
better reflect the Cretaceous vertical motions of the Australian continent (ca. 100 m) compared with their
incompressible counterparts (ca. 200–400 m). Additionally, our models include the Neogene northeastward tilting of Australia, elusive in most previously published geodynamic models. In conjunction with
an OBV-derived sea level curve, our preferred landscape evolution model broadly matches the Cretaceous
inundation patterns and first-order sedimentary sequences in the GAB. The results highlight that the Early
Cretaceous inundation of the Australian continent is likely a combination of high global sea levels and the
regional effects of dynamic subsidence. Our work provides a framework for a new generation of evolving
paleogeographic models at continental scales, while also providing key insights into the viability of
existing sea level curves and dynamic topography estimates for reproducing topographic and basin
evolution.
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Abstract
Widespread flooding of the Australian continent during the Early Cretaceous, referred to as the Eromanga Sea, deposited
extensive shallow marine sediments throughout the Great Artesian Basin. This event had been considered ‘out of sync’ with
eustatic sea level and was instead solely attributed to dynamic subsidence associated with Australia’s passage over eastern
5

Gondwanan subducted material. However, mantle convection models previously used to explain this event have since been
shown to overestimate dynamic topography amplitude by a factor of two compared to residual topography estimates. Previous
models were also based on a Cretaceous eustatic sea level peak at ~90 Ma in conventional eustatic sea level curves; however,
more recent estimates of global sea level from Ocean Basin Volume (OBV) suggest this peak may have occurred earlier at
~120 Ma. Our work links time-dependent erosion and deposition with dynamic topography and eustasy to test their
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contribution to basin development using the landscape evolution code pyBadlands. Our results show that the lower amplitude
estimates of dynamic topography derived from pseudo-compressible mantle flow models better reflect the Cretaceous vertical
motions of the Australian continent (~100 m) compared to their incompressible counterparts (~200-400 m). Additionally, our
models include the Neogene north-eastward tilting of Australia, elusive in most previously-published geodynamic models. In
conjunction with an OBV-derived sea level curve, our preferred landscape evolution model broadly matches the Cretaceous
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inundation patterns and first-order sedimentary sequences in the Great Artesian Basin. The results highlight that the Early
Cretaceous inundation of the Australian continent is likely a combination of high global sea levels and the regional effects of
dynamic subsidence. Our work provides a framework for a new generation of evolving paleogeographic models at continental
scales, while also providing key insights into the viability of existing sea level curves and dynamic topography estimates for
reproducing topographic and basin evolution.

20

1 Introduction
Since the Mesozoic, inundation and emergence of the Australian continental margins and intracontinental basins has occurred
episodically, often deviating from trends in eustatic sea level. The Great Artesian Basin (GAB) (Figure 1), comprised of the
Eromanga, Surat, and Carpentaria basins, records the largest marine transgression, where the epicontinental Eromanga Sea
deposited extensive shallow marine sediments ~1 km thick during the Early Cretaceous (Figure 2) (Exon and Senior, 1976,
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Gallagher and Lambeck, 1989), prior to Late Cretaceous regional uplift and transition to a primarily erosive regime through
the Cenozoic. At its maximum extent during the late Aptian-Albian, the Eromanga Sea flooded ~60% of the continent before
rapidly retreating by the Cenomanian despite global sea levels later rising and reaching their peak in the Late Cretaceous (Haq
et al., 1987, Haq, 2014). In the stratigraphic record, this event is marked by the transition from dominantly fluvial and lacustrine
environments of Early Cretaceous sandstones, to marginal marine sediments of the Cadna-Owie formation, into shallow marine
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shales and sandstones of the Wallumbilla, Toolebuc, Allaru and Mackunda formations constituting the Rolling Downs Group,
1

preserved in the Eromanga Basin (Exon and Senior, 1976, Draper, 2002, Alexander et al., 2006, Hall et al., 2015) (Figure 2).
The abrupt switch from marine to fluvial-deltaic conditions following the regression of the seaway in the Cenomanian is
marked by thick sequences (up to 1200 m) of the Winton Formation (Figure 2), the last major phase of deposition in the
Cretaceous Eromanga basin sequences (Moore and Pitt, 1984, Alexander et al., 2006, Hall et al., 2015).
35
The inconsistency between the apparent marine conditions in the stratigraphy when global sea levels are ‘out of sync’ has been
attributed to mantle processes (Gallagher et al., 1994, Waschbusch et al., 2009, Korsch and Totterdell, 2009, Gurnis et al.,
1998) whereby viscous drag from subducted material or upwelling mantle produces regional-scale time-dependent subsidence
or uplift, manifesting at long wavelengths (100s to >1000s km), but low amplitudes typically less than 2 km (Flament et al.,
40

2013). Models of dynamic topography have previously been used to explain Australia’s vertical motions through time (Gurnis
et al., 1998, Sandiford, 2007, Waschbusch et al., 2009, DiCaprio et al., 2011, Czarnota et al., 2013, Müller et al., 2017).
Eastward migration of Australia over subducted oceanic lithosphere originating at the eastern Gondwanan active margin in the
Early Cretaceous is interpreted to have produced a wave of negative dynamic topography that amplified the effects of a higher
global sea level, and has been shown to explain the flooding of the Eromanga Sea (Russell and Gurnis, 1994, Gurnis et al.,

45

1998, Waschbusch et al., 2009, Matthews et al., 2011). Müller et al. (2016) also showed that dynamic rebound of the
lithosphere following cessation of subduction at this margin match exhumation estimates in the Eastern Highlands (O’Sullivan
et al., 1995, O’Sullivan et al., 2000, Faiz et al., 2007, Czarnota et al., 2014).
However, despite the recognised importance of mantle processes in modulating flooding of the Australian continent, global
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sea level curves, although controversial, also play a role. Sea level curves primarily constructed using seismic stratigraphy,
such as the curves from Haq et al. (1987, 2014) cannot constrain the long-term history of first-order sea-level variations with
confidence. In addition, the choice of temporally discrete ‘reference districts’ means that the regional dynamic topography
signal may be contaminating the proposed eustatic curve (Cao et al., 2019). And although some Australia-specific sea level
curves have been proposed, the amplitudes of sea level change remain difficult to constrain (Burger, 1989). An alternative
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approach, using ocean basin volume reconstructions, results in a long-term sea level curve with a peak in the Early Cretaceous,
between 120 and 110 Ma (Müller et al., 2018b), as opposed to a peak at ~ 90 Ma based on Haq et al. (1987). A late Early
Cretaceous global sea level high is consistent with the flooding of Eastern Australia, putting into question whether this flooding
event is entirely driven by dynamic topography. In addition, an extensive comparison of seven different dynamic topography
models in terms of their matches with observed flooding patterns on different continents favours dynamic topography based
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on mantle convection models using the Extended Boussinesq Approximation, which incorporates viscous dissipation and
adiabatic heating, reducing the predicted amplitude of predicted dynamic topography (Müller et al., 2018) compared with
many previously published dynamic topography models using a simpler mantle rheology, and in better agreement with revised
global residual topography estimates (Hoggard et al., 2016, Hoggard et al., 2017, Davies et al., 2019).

2

65

Basin evolution is complex, where evolving topography, rainfall, rock erodibility, and lithospheric flexure in response to
sediment loading control the development of drainage networks and deposition patterns. Landscape Evolution Models (LEM)
incorporating tectonic and geomorphic processes are useful for understanding the interplay between deep Earth and surface
processes. Numerically solving for fluvial and hillslope processes, LEMs are usually focused on small spatial and temporal
scales, investigating catchment-scale erosional responses to known climatic and tectonic drivers over tens to hundreds of
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thousands of years with limited focus on the sediment deposition and resulting stratigraphic structure of the basin system
(Salles et al., 2017). Only a small number of studies have explored the continental scale landscape dynamics necessary for
capturing the full source-to-sink pathway for a basin system of the scale of the GAB and are largely focused on the erosional
component (e.g. Ruetenik et al., 2016, Braun et al., 2013, Salles et al., 2017, Howard et al., 1994, Wang et al., 2020, Chang
and Liu, 2019).

75
We use the pyBadlands (Salles et al., 2018) LEM code designed to study problems at the regional and continental scale over
geologic timescales, coupling surface processes, plate kinematics, mantle convection, paleogeography, and eustasy to
investigate the time-dependent evolution of the GAB within a continental scale context for times since the latest Jurassic. We
test the apparent “out of sync” nature of the Eromanga flooding event, during which conventional global sea level curves were
80

at a low, and the role of dynamic topography as the primary driver of inundation proposed in Gurnis et al. (1998) to reconcile
this inconsistency. In our approach, we develop an initial topography derived from paleogeographies, comparable present-day
elevations, and estimates of exhumation, to forward model basin erosion-deposition to the present-day. Sediment thicknesses
predicted by our models, in conjunction with synthetic wells recording paleo-depth, are compared to present day observed
thicknesses and interpreted paleoenvironments in the GAB. We restrict this comparison to broad scale trends in the depositional
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environments (marine vs non marine) due limitations in spatial and temporal resolution of our input parameters. The wealth
of publicly available data for the GAB makes it particularly useful to ground-truth Landscape Evolution Models, before
deploying these models in regions where data is sparse. Based on this approach we test combinations of different global sea
level and dynamic topography models to assess which model combinations are best suited to reproduce the flooding and
depositional history of the GAB during the Cretaceous, in conjunction with all other relevant parameters.

90

2 Method
We use the open-source landscape evolution code pyBadlands (Salles et al., 2018) to model erosion and deposition at the
continental scale over 150 million years using a grid resolution of 50 km. Our model is of continental scale to capture distant
sediment sources that supplied large sediment fluxes to the Great Artesian Basin through time, from cratonic sources in the
west (Boult et al., 1997) to volcanic sources in the east (Exon and Senior, 1976, Jones and Veevers, 1983, Veevers, 2006), at
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1 myr time intervals. pyBadlands makes a number of assumptions where all soil properties (e.g. composition and particle size)
are uniform, and there is no differentiation between regolith and bedrock in our models.
3

Continuity of mass corresponds to the interaction of tectonic, diffusive, and erosive processes, defined by the standard
equation:
𝜕𝑧
= −∇ ∙ 𝑞! + 𝑢
𝜕𝑡
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Where 𝑢 represents uplift in m yr-1, 𝑞! is the depth-integrated sediment flux per unit width in m2 yr-1. Both channel flow 𝑞" and
hillslope 𝑞# processes contribute to the sediment transport rate (Salles, 2016). We assume that fluvial erosion and transport
are based on a detachment-limited erosion regime, and is therefore modelled using the conventional stream power law equation
105

as a function of surface water drainage and topographic gradient ∇z:
−∇ ∙ 𝑞" = 𝜖(𝑃𝐴)$ (∇z)%
where 𝜖 is the coefficient of erodibility, 𝑃 is the precipitation, and 𝐴 is the drainage area. The coefficients m and n are both
positive and indicate how the incision rate scales with bed shear stress for the stream power model, where the ratio between
the two are generally considered to be ~0.5 based on field and modelling studies (see Whipple and Tucker, 1999, Howard and
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Kerby, 1983), in which case (𝑃𝐴)$ (∇z)% linearly scales with shear stress to a positive power (Tucker and Hancock, 2010).
Hillslope processes are defined by a simple creep transport law where the sediment transport is linearly dependent on
topographic gradient:
−∇ ∙ 𝑞# = −𝜅∇& 𝑧

115
Both diffusion coefficient 𝜅 and the coefficient of erodibility 𝜖 are scale dependent, encompassing climate, lithology, and
sediment transport processes (Howard, 1980; Tucker and Hancock, 2010; Whipple and Tucker, 1999).
Compaction (and reduction in porosity) of sediments is modeled for normally pressured sediments following the formula of
120

Athy (1930):
𝜙(𝑑) = 𝜙' e()#
where the porosity 𝜙 varies with depth (d) based on surface porosity 𝜙' and c a constant coefficient with the units (km−1).
pyBadlands makes a simplifying assumption of a constant surface porosity value and cannot account for varying porosity
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inputs for different lithologies. We use the porosity-depth relationship for sandstone as it is the largest lithological component
of the GAB, with a surface porosity of 0.49, and a decay length of 3704 m (Sclater and Christie, 1980). This value, whilst
derived from the North Sea, is recognized as representative of sandstone porosity characteristics (Müller et al., 2018a). We do
not use porosity values calculated for the GAB as these reflect the resultant compacted sedimentary units at the present day,
rather than an initial pre-compacted porosity for forward modelling.
4
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While many numerical models focus only on erosional processes, deposition in our detatchment-limited models can occur in
closed topographic depressions, alluvial plains, and offshore environments (Salles et al., 2018). Depressions in the landscape
(e.g. lakes, endorheic basins) are preferentially filled based on a pit-filling algorithm that calculates the volume of sediment
required to fill the basin to a maximum thickness (Planchon and Darboux, 2001), and are progressively filled based on the
135

available sediment transported by modelled river systems. Remaining sediment is transported downslope. Alluvial deposition
occurs when river beds reach a critical slope, where the volume of sediment deposited is limited to ensure no slope reversal
occurs. The volume of sediment deposited in the offshore environment is determined by an accumulation parameter, whereby
a set proportion of the available sediment is deposited progressively basinward from the first downstream submarine node.
This parameter acts as a proxy for the energy of the depositional environment and particle size, where larger values result in
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greater proportion of nearshore deposition, while smaller values replicate lower energy diffusion of sediments further offshore.
This value is uniform for the entire model space, tested during initial calibration of the model against observed distribution of
sediments in the basin. The model has open boundary conditions, allowing excess sediment to continue unimpeded through
the system. Each node also appends the depth of sediment deposition relative to sea level at each time step to the sediment
output grids. The flexural response to evolving surface loads induced by erosion and deposition through time is also calculated

145

at each timestep in our models. We use the preferred uniform effective lithospheric elastic thickness of 24 km from Salles et
al. (2017). This value was based on an averaged of the values obtained by Swain and Kirby (2006) from wavelet transforms
of gravity and topography using the method of Forsyth (1985) for the east coast of Australia.
2.1 Initial topography
We derive an initial paleo-elevation using paleogeographic maps interpreted from stratigraphy to infer relative elevation
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between depositional and erosional environments. We combine the paleogeographic maps of Struckmeyer and Totterdell
(1990) encompassing the Australian mainland, and Norvick (2003) which extends to the northern continental margin to include
New Guinea (Figure 3a) at our starting time of 150 Ma. The 150 Ma starting time was chosen to capture enough of the preEromanga flooding timeframe, considering also the low temporal resolution of paleogeographic maps during this time. In
addition, one key ground-truth at present-day is the base Cretaceous stratigraphic horizon (Hooray Sandstone and equivalents)
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from Geoscience Australia (2013d), meaning that our models need to capture the entire Cretaceous timeframe. Elevation values
were first estimated from present-day comparable environments (shallow marine environments indicating regions below sea
level, fluvial-lacustrine to indicate relatively low elevations, and erosional indicating relatively higher regions) as per
Harrington et al. (2019). We similarly include an elevated western Australia at our model starting time, incorporating higher
elevations for remnant orogens with additional upland regions in southwestern Australia identified in Kohn et al. (2002)

160

paleotopography estimates. Combining these elevation estimates, we apply a gaussian smoothing function to create a preferred
initial topography surface for our LEMs (Figure 3b).

5

2.2 Time evolving boundary conditions
We used published plate tectonic reconstructions coupled with forward numerical models of mantle flow using the finite
element code CitcomS (Zhong et al., 2008) to model the time-dependent evolution of mantle structure and subsequent
165

topographic response at the surface (Flament et al., 2014). These are based on four regionally-refined global reconstructions
from Zahirovic et al. (2016), Zahirovic et al. (2014) with subduction-calibrated longitudinal positions from (van der Meer et
al., 2010), and Shephard et al. (2013, 2014). The primary difference between these reconstructions is the timing and
longitudinal position of the subduction zone relative to the eastern margin of Gondwana (Figure 4), by up to ~20° longitudinally
during the mid-Cretaceous. These models also differ in the timing, location, and polarity of subduction at the northern
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continental margin during the late Jurassic-Early Cretaceous rifting of continental terranes, and mid-late Cenozoic collision of
terranes (Sepik and Melanesian Arc).
The majority of the geodynamic models tested here use a Bousinesq Approximation (BA) for incompressible mantle flow,
with variable mantle rheology parameters (Table 1, D1-D9). The Boussinesq Approximation models have primarily been used
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in the past, and form the majority of the available catalogue of models which we can utlilize – see Flament (2013) for a detailed
explanation of model setup of BA models, as well as a comparison of model approaches in Flament (2018). We also test a
pseudo-compressible mantle flow model (D10) (Figure 5) with an Extended Boussinesq Approximation (EBA), incorporating
an adiabatic thermal gradient depth-dependent thermal expansivity, viscous dissipation, and internal heating, following the
model set up of Hassan et al. (2016). We compare the effect of 10 different dynamic topography models (Figure 6) derived
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from these geodynamic models, rotated into an Australian-fixed reference frame.
Air loaded dynamic topography was extracted at ~5 myr intervals by scaling the total vertical stress 𝜎"" at the model surface
following:
ℎ=

𝜎""
∆𝜌𝑔'
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where ∆𝜌 = 3340 kg m-3 is the density difference between the shallow mantle and the air (surface load). Dynamic topography
was calculated by solving for Stokes flow at regular intervals through the model run time based on the temperature and velocity
fields (Flament et al., 2014). The surface boundary condition is no-slip in these calculations to avoid the surface traction
imposed by plate velocities (Flament et al., 2014).
190
While dynamic topography acts as the primary uplift condition, regional tectonic processes including terrane collisions and
associated mountain building, and continental rifting events were also applied as time-dependent inputs. Incorporating detailed
lithospheric deformation, with vertical and horizontal displacements derived from plate reconstructions is an emerging
technology yet to be linked with LEMs (Müller et al., 2019). However, applying estimates relying on pure shear deformation
6
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remains difficult. We therefore determined additional discrete regions of uplift or subsidence to simulate these events, with the
timing and extent of uplift/subsidence informed by kinematic reconstructions from Zahirovic et al. (2016) (Figure 7, Table 2).
We use the edge of the present-day continental ocean boundary to define the extent of rifting terranes to then artificially remove
these areas of land by subsiding to abyssal plain depths. Conversely, newly-accreted terranes were added by uplifiting segments
to elevations consistent with paleogeographic reconstructions. Additional uplift associated with collision-driven crustal
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thickening and intraplate tectonic deformation was also added based on estimates from thermochronology for the New Guinea
highlands during the Miocene (Hill and Gleadow, 1989).

2.2.1 Volcanic arc
Deposition in the GAB fluctuated between shallow marine, paralic, and fluvial during the Early Cretaceous, becoming
205

progressively non-marine from the Cenomanian (~100 Ma) onwards, with no major deposition occurring in the basin in the
Cenozoic (Gallagher and Lambeck, 1989; Gallagher et al. 1994). While Quartzose sandstones in the earlier basin sequences
and western reaches of the basin were derived from a cratonic source in the south west (Boult et al., 1997), volcanogenic
material is a dominant component of mid-Late Cretaceous sequences. For our models to approach the total thicknesses
observed in the GAB at the present day, the presence of a long-lived volcanic arc is necessary to supply the large volumes of
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sediment required to fill the GAB. This volcanic arc system is thought to be associated with the long-lived eastern Gondwana
subduction zone and was likely emergent during this time (Jones and Veevers, 1983; Milan et al., 2017; Veevers, 2006).
Accelerated subsidence from 120 Ma (Matthews et al. 2011) is contemporaneous with a large influx of volcanogenic material,
increasing eastward across the basin (Exon and Senior, 1976; Smart and Senior 1980; Senior et al 1978; Veevers 1984; Moore
et al. 1986; Duddy, 1987).
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The fluvial Winton Formation, deposited during the Albian to Cenomanian and comprising 1200 m of non-marine sediment
in the Eromanga Basin, was largely deposited during or shortly after a long period of intense volcanic activity along the eastern
margin of Australia (Tucker et al., 2013, Gallagher and Lambeck, 1989). Tucker et al. (2016) suggest the range of zircon ages
and volume of volcanic sediment comprising the Winton Formation indicate a long-lived volcanic arc along the eastern
220

Australian margin, of which the Whitsunday igneous association represents the innermost edge of a long-lived magmatic arc
along the eastern margin. This is contemporaneous with crustal thickening and increased magmatic activity of > 100 km3/myr
per km of arc calculated by Milan et al. (2017) in the southern extension of the Gondwanan subduction zone in the Fjordland
region in New Zealand. In the Ceduna Basin, offshore southern Australia, U-Pb detrital zircon ages from the late Jurassic to
middle Cretaceous are also interpreted to have originated at this active margin (Lloyd et al., 2016). We define the extent of a
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potential arc based on Milan et al. (2017) and Bryan et al. (1997) and apply uplift rates of 1 mm/yr, to incorporate volcanic
input in this region, comparable to observed rates in the Andes during the Pliocene (Gregory-Wodzicki, 2000).

7

2.3 Sea level
We test the effects of three sea level curves on the LEMs. We create a hybrid sea level (HSL) curve (Figure 6) composed of
the published Haq et al. (1987) curve as modified by Miller et al. (2005) to include corrections to the geological timescale for
230

the Cenozoic, and combined with Haq (2017) for the Jurassic, and Haq (2014) for the Cretaceous. We test both the long-term,
long wavelength curve, and the short-term high frequency variations of the curve. This curve is offset at the model start time
of 149 Ma to align sea level to the coastline level in the initial topography, e.g. at 149 Ma the Hybrid Long Term sea level is
at 82 m, we therefore offset the entire curve by -82 m, so the sea level position relative to the initial topography is 0.
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We also test a sea level curve from Müller et al. (2018) derived from ocean basin volumes and combined with the mean oceanic
dynamic topography effect of a given geodynamic model through time. This sea level curve was only calculated back to 140
Ma by Müller et al. (2018), and therefore required additional extension for the time period between 140 Ma and 149 Ma. We
did this by following the post-140 Ma trend in the sea level curve prior to 140 Ma. In the absence of well constrained sea level
for this time period, with previous work including van der Meer (2017), and Verard (2015), suggesting that sea level at 150
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Ma was approximately the same as at present day. Therefore we linearly extrapolate the OBV sea level curve to 0 m at 150
Ma.

2.4 Precipitation and erodibility
Precipitation varies greatly at the continental scale, at the present day ranging from < 250 mm per year in the arid continental
245

interior, to > 5000 mm per year in the highlands of New Guinea. However, limited precipitation constraints are available for
the past 150 myr, with particularly limited information for the Early Cretaceous (Fletcher et al., 2014). Leaf area analysis of
samples from the Winton Formation in the Eromanga Basin by Fletcher et al. (2013) suggests the climate in central-western
Queensland at the Cenomanian-Turonian boundary had high annual precipitation of ~1320 mm/yr. Paleocene fossil data
suggests the Eastern Highlands during the Paleocene experienced rainfall of 1200-2400 mm per year (Taylor et al., 1990,
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Martin, 2006).
To create a time-dependent rainfall pattern covering the Australian continent in our models, we follow the methodology of
Harrington et al. (2019) combining present day rainfall data, tectonic reconstructions, and climate proxies from lithological
data. Given the relative stability of the climate since the start of the current glacial period at 40 Ma, we used averaged present
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day precipitation values from the NOAA CM2.1 Climate model (Delworth et al., 2006) to determine precipitation values based
on the reconstructed latitudinal position of the Australian continent back to 40 Ma. For older time periods we use reconstructed
lithology data from Boucot et al. (2013), combined with a Herold et al. (2011) paleoclimate model, to estimate paleo-
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precipitation, following Harrington et al. (2019). To incorporate the extremely high annual precipitation in the New Guinea
highlands we apply orographic rainfall for just the last 10 myr of the model run, linearly scaling with elevation (Table 2).
260
Erodibility is a significant factor controlling the fluvial incision rate in the models, encompassing some aspects of climate and
lithology (Salles, 2016). We spatially vary the erodibility coefficient to the east and west of the Tasman Line (per Harrington
et al. (2019)) (Figure 3a, Table 2) given broad-scale differences in weathering profiles across western and eastern Australia.
Eastern Australia (east of the Tasman Line) and the northern Australian continental margin (i.e. New Guinea), were given a
265

higher erodibility as most of the relatively young Phanerozoic crust in this region lacks the laterite and silcrete duricrusts that
make much of central and western Australia relatively weathering resistant (Cockbain, 2014). The uplifted region of our
Eastern Gondwanan volcanic arc was given the highest erodibility coefficient, given the greater susceptibility of fresh
volcanogenic material, relative to crystalline bedrock, to weathering (Hooke and Rohrer, 1977, Moosdorf et al., 2018).
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3 Results
3.1 Time dependent paleogeography
We present 7 LEMs (Table 4, Figure 8) that display the major relationships between model parameters, with additional model
results presented in the Appendix. We assess our LEMs based on their match with the interpreted paleo-environments of
Struckmeyer and Totterdell (1990) at key time-steps during the Cretaceous (Figure 8). We consider dynamic topography model
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D9 (used in M1 and M5) as representative of the east-west tilting trend that defines the Boussinesq Approximation (BA) based
series of LEMs (APM1-8), driving the formation and infilling of the GAB from the east in the Early Cretaceous via a transient
large-amplitude dynamic topography low sweeping across eastern Australia in the Early Cretaceous resulting from the
eastward transit of Australia over a sinking slab (Figure 5). M1, employing our HSL, experiences only intermittent pulses of
flooding that last for only 1-2 myr at a time, and never reaches the full continental scale flooding required by stratigraphy,
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despite the significant dynamic subsidence acting on the model during the early Cretaceous. This appears to occur as peak
subsidence in our dynamic topography models is coincident with sea levels in the HSL lowering, while the switch to rising
eustatic sea level from ~110 Ma was matched by uplift in our BA dynamic topography models (Figure 6). This effectively
results in no relative change in sea level in our LEMs, and therefore no opportunity for inundation of the Eromanga Sea. The
combination of the smaller amplitudes of the EBA dynamic topography in M2 and M3, and the Early Cretaceous peak in the
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HSL, was similarly not sufficient to produce significant inundation of the continent at any time during the Cretaceous. We also
tested two LEMs without dynamic topography applied, using only the HSL (M6) and the OBV curve (M7), neither of which
produce any flooding of the interior continent during the model run time.

9

Our preferred model, M4, based on an Extended Boussinesq Approximation (EBA) dynamic topography model (D10) and
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corresponding OBV sea level curve, instead is only mismatched with the interpreted paleo-environments by 5-10 myr in the
Early Cretaceous (Figure 8). Inundation begins at 136 Ma via a connection through the Surat Basin to the Pacific, and through
a northern channel of the Gulf of Carpentaria. This northern connection becomes more dominant through the mid-Cretaceous,
as the sea reaches peak inundation between ~125-115 Ma, spanning much of the interior of eastern Australia (Figure 8). This
is followed by a rapid retreat of the sea at 105 to 95 Ma through the Gulf of Carpentaria. The GAB region then remains sub-
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aerial for the remainder of the model run. This is consistent with the transition from marine to dominantly fluvial sediments in
the Eromanga basin during the Late Cretaceous. Combining the higher amplitudes of the BA model with the Early Cretaceous
peak in the OBV curve in M5 also produces an extensive flooding event (Figure 8), beginning in the east at ~139 Ma,
immediately inundating the entirety of interior eastern Australia, with marine conditions persisting until 96 Ma, ~10 myr later
than our EBA model.
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We also consider the residual topography at the present day to discriminate between models (Figure 9). Here, the strong east
to west tilting of the continent in the BA models (M1 & M5) is most evident, providing a poor fit at the present day where
eastern Australia is much more elevated (~400-500 m) at the final time-step than observed, and western Australia is
underestimated by 400-500 m on average. In M2-M4, the less pronounced E-W tilt of the EBA dynamic topography, instead
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produces a closer match to the observed present-day elevations and coastline of the Australian continent. Where no dynamic
topography is applied (M6 & M7), there is a consistent overestimation of the elevation of the entire continent by 400-500 m.
Given the low spatial resolution of our models, we are unable to capture the high frequency variations in topography in the
real-world data, and therefore see mismatch particularly in highland regions of eastern Australia and New Guinea.
3.2 Predicted sediment deposition in the Great Artesian Basin
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The maximum sediment thickness in the Great Artesian Basin at the present day is > 2 km, distributed across two major
depocenters (Figure 1) that are structurally controlled by the underlying Triassic and Paleozoic basins (Ransley and Smerdon,
2012). Our models are not capable of incorporating the syn- and post-depositional faulting that occurred within the basin.
Combined with a low node resolution of 50 km, our models are therefore limited to capturing the basin-wide depositional
trends, and not suitable for comparison with specific well locations. We instead compare our modelled sediment packages with
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a combination of Geoscience Australia base surfaces for the Cenozoic (2013a), Mackunda Formation (AlbianCenomanian)(2013b), Rolling Downs Group (Barremian-Cenomanian)(2013c), and Hooray Sandstone (TithonianValanginian)(2013d), and equivalents, that reflect a wide range of interpreted stratigraphic well and seismic data covering the
entirety of GAB.

10
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The LEMs with dynamic topography (M1-M5) predominantly produce a single depocenter in the middle of the Eromanga
Basin region, of ~1.5 – 2 km in thickness (Figure 10), comparable to the thicknesses observed for the base Cretaceous (base
of Hooray Sandstone) to present day sediment package observed in the primary Eromanga depocenter, where we see a
maximum of 2.175 km of material (Figure 1). Models without dynamic topography (M6 & M7) applied produce a significantly
thinner sedimentary package across the basin ~1.2 – 1.5 km (Figure 10), lacking the additional accommodation space for
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sediment accumulation that dynamic subsidence provides in the other LEMs. We a see first order variation in the location of
the primary depocenter between the LEMs, driven primarily by dynamic topography. EBA based models tending to develop a
more eastward depocenter, while in the BA based models we see a more westward trending basin. Our preferred model M4 is
the only LEM to produce a second depocenter comparable to the Surat basin in the east of the GAB.
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Cross sections of the modelled basin (Figure 11), allow us to interrogate the differing temporal distributions of this sediment
between each LEM. We compare the predicted sediment thickness of 6 key age packages comparable to the Geoscience
Australia (2013a-d) sections; A: latest Jurassic to Cretaceous fill (150-145 Ma); B: Berriasian to Barremian (145-126 Ma); C:
Aptian to Albian (126-113 Ma); D: Albian to Cenomanian (113-94 Ma); E: Turonian-Cenozoic (94-66); and F: Cenozoic to
present-day (66-0_Ma).
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Limited deposition, up to ~100 m, is recorded for the earliest time period A across all models, capturing the final stages of
Jurassic sedimentation in the GAB. In our Cretaceous sediment packages however, significant spatial variation is exhibited
between the models. Models with EBA dynamic topography combined with HSL tend towards a thick mid Cretaceous package
C in the eastern part of the basin, followed by an equally thick Late Cretaceous package D. Model M4, provides the closest
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age distribution match to the Geoscience Australia (2013a-d) base depth grids, generating similar thickness of key packages C
and D comparable in thickness to the largest component of the GAB, the Rolling Downs Group. For M5, the combination of
high amplitude dynamic subsidence and a peak in sea level, produces thick Early Cretaceous deposits in the basin (package
B), with approximately half the amount of Aptian-Albian (packages C and D) sediments as our other LEMs.
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A final thin (maximum 200-300 m) package of Cenozoic cover in the western parts of the basins common to all LEMs
comparable to the Cenozoic section from Geoscience Australia (2013a) (Figure 11), reflecting deposition in the Lake Eyre
Basin. For our LEMs without dynamic topography, we see similar sediment age distributions in cross section to the EBA
models with the same sea level curve (M6 and M2, M7 and M4), but with a reduced thickness of each sediment package.
Where dynamic topography appears to play the largest role in determining the location of the primary depocenter, the age
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distribution through the basin appears to be largely controlled by the sea level applied.
Tracking the sediment deposition through time (Figure 12), we see the evolution of major stages of sediment deposition in the
modelled basin for our preferred model M4. From the slow accumulation of fluvial sediments in the Early Cretaceous, to the
11

transition to more rapid rates of deposition into the mid-Cretaceous following the onset of uplift of our proxy volcanic arc at
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130 Ma. Between the 120 and 100 Ma time slices, rapid deepening of the basin is evident in response to increased sediment
supply from the eastern volcanic margin, accompanied by flexural down warping due to the increased sediment load. By 65
Ma, we see uplift and erosion of the basin occurring in the east, tilting the basin westward where small volumes of fluvial
sediment continued to be deposited through the Cenozoic to the present day.
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As pyBadlands does not model grain size and therefore lithologies, we are unable to directly compare our model results with
GAB stratigraphy. Instead, we use the depth at which stratigraphic layers were deposited (paleo-depth), as a proxy for the
depositional environment (lithofacies). We compare these paleo-depths at two locations (W1 and W2) along our cross sections
to vertically stacked paleogeographic columns based on Struckmeyer and Totterdell (1990) (Figure 13), to determine at the
high level, broad scale matches in marine vs non marine depositional environments between our LEMs and observed patterns
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in the GAB. These synthetic wells reveal the significant depositional environment variations through time between the models.
LEMs using the HSL (M1-M3, M6) record very little to no marine conditions in the basin during the Cretaceous or other time
periods, and therefore provide a poor fit with the recorded stratigraphy of the basin. At most small intervals of very shallow
marine sediments <100 m in thickness are preserved at W2 during the Cretaceous (M1 & M2). M3 and M6 produced no marine
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deposits, with most sediment being deposited above sea level in fluvial or lacustrine conditions. There is minimal difference
in the predicted thickness and facies between the long-term and short-term variations of the HSL curves tested in M2 and M3.
For the three models with the OBV sea level curve, marine units are deposited during the Cretaceous. When combined with
the high amplitudes of the BA dynamic topography, marine conditions are dominant throughout the entirety of the Cretaceous
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producing ~1500 m of marine sediments in the basin, reaching depths greater than 200 m. However, at its peak depth, the
Eromanga sea is thought of have been a maximum of 50-100 m deep in the Eromanga Basin region (Haig and Lynch, 1993).
This model also lacks that thick sequences of fluvial deposition following the retreat of the Eromanga sea, generating only a
thin sequence of non-marine sediments during the Late Cretaceous.
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Alternatively, the lower amplitude dynamic topography in M4, combined with OBV, produces both the best matching sediment
thickness, and timing of marine conditions that allows for the deposition of both thick marine sequences (~800 m in our
modelled basin) generated by the Eromanga transgression, and the additional rapid deposition of ~1000 m of fluvial sediments
in the Albian-Cenomanian (113 – 94 Ma) required by basin stratigraphy (Figure 2). We therefore consider M4 to be our
preferred LEM. Shallow marine deposition primarily occurs in M4 during periods B and C, comparable in age and thickness
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to the shallow marine units of the Rolling Downs Group, including the Wallumbilla, Toolebuc and Allaru formations. If we
consider the subsequent transition to marginal marine and fluvial sediments deposited during period D comparable to the
composition and timing of the Mackunda (102-200 m thick) and Winton formations (660-1200 m thick), M4 provides the best
12

fit to the geologic record. The switch to fully non-marine conditions does however occur slightly earlier than the inferred 9993 Ma age for the Winton formation (Bryan et al., 2012, Tucker et al., 2013) as our modelled seaway retreats by 105 Ma in
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M4.
The time-dependent stratal stacking patterns, and cumulative-erosion deposition estimates also indicate uplift and erosion in
the east beginning after ~90 Ma (Figure 14). At the locations of Charleville 1, and Eromanga 1 (Figure 1), we see up to 2 km
of sediment deposited in these locations in the LEMs prior to this time, consistent with the timing of the main subsidence pulse
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interpreted from backstripping analysis at these wells (Matthews et al., 2011). These sites cease depositing sediment and switch
to an erosional phase at ~90 Ma. In M4, this erosional phase is slow, removing only a few hundred meters of sediment thickness
from this region of the basin, with the rate of erosion decreasing moving westward. Further to the east, moving into the uplifting
Highlands region, at Wandoan 1 (Figure 1) see the end of the main pulse of deposition at ~90 Ma (Figure 14), followed by a
brief hiatus, and ultimately erosion in two phases: rapid erosion totalling ~1.5 km between ~80 and ~60 Ma in M4, followed
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by a slower phase from 60 Ma to the present day, eroding a further 700 m. The two phase erosion trend is apparent across all
LEMs. Comparatively, Raza et al. (2009) estimate 1900 m of erosion at this location since the mid Cretaceous, with at least
1.5 km between 100 and 80 Ma, slightly earlier than our model predicts.

4 Discussion
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All our LEMs display an east to west trend of subsidence, inundation (typically only occurring in intermittent pulses of 1-2
myr in models with BA dynamic topography), and subsequent sediment infilling in interior eastern Australia. This first order
effect is controlled by the dynamic subsidence of the underlying geodynamic models as the Australian continent moves east
over the subducting Pacific plates from the eastern Gondwanan subduction zone. With the exception of D1, all our BA models
show a pronounced subsidence signal from ~140 to 110 Ma within the GAB, correlating with the timing of the Eromanga
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flooding event (Figure 6). This difference is a result of the distance of the subduction zone relative to eastern Australia. For
models based on the reconstructions of Shephard et al. (2013, 2014) (D1), which includes a large back-arc basin (~1000 km at
its maximum extent) east of the Lord Howe Rise, Australia does not pass over recently subducted slab material in the upper
mantle and therefore does not experience substantial downwelling within eastern Australia during this time. Conversely,
Matthews et al. (2011) showed that a subduction zone too close to the margin results in accelerated subsidence in the Eromanga
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Basin ~20 myr earlier than indicated by backstripped well logs. The amplitude of dynamic topography in our EBA model is
an order of magnitude lower during the Cretaceous (up to ~100 m) than the BA suite (up to ~500 m) at Charlieville 1 (Figure
6), but still displays a noticeable pattern of subsidence from 140 to 100 Ma and is able to generate the widespread flooding as
observed in the stratigraphic record (Frakes et al., 1987) when combined with the eustatic sea level curve from Müller et al.
(2018) which displays an Early Cretaceous high.
13
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Foraminiferal biofacies suggest the maximum depth of the Eromanga Sea during the peak Albian transgressive event was ~50
m in the Surat Basin, 50-100 m in the Eromanga Basin and southern Carpentaria Basin, increasing in depth to ~150 m towards
the northern Carpentaria basin (Haig and Lynch, 1993). Most of the marine sequences in our preferred model were deposited
at depths between -50 and -100 m, providing a reasonable equivalence to the shallow marine conditions that deposited the
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shales, mudstones, and sandstones of the Rolling Downs Group in the Eromanga Basin (Exon and Senior, 1976, Draper, 2002,
Alexander et al., 2006, Hall et al., 2015) (Figure 2). Where deposition occurred in non-marine conditions, sediments were
typically deposited within 50-150 m above sea level. Given how shallow the Eromanga Sea was during the Cretaceous, the
geometry and precise timing of inundation in our LEMs was highly sensitive to changes in relative elevation caused by the
interaction between dynamic topography (which varies up to 200 m between models for a given time), initial topography, and
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the sea level curve applied. We therefore do not expect to exactly replicate the basin stratigraphy, but rather assess broad scale
trends in marine vs non marine depositional environments across the basin.
The strong east to west tilting of the continent in the BA models induces up to 600 m of subsidence in western Australia during
the last 50 Ma of our models, causing our BA-based LEMs to consistently underestimate the elevation of this area at the present
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day and result in retreat of the western coastline up to ~500 km inland. For our BA based LEMs to produce realistic
topographies, the models require a highly elevated western Australia as an initial condition as per Harrington et al. (2019).
This could be explained by the position of the western margin over the eastern edge of the African large low shear velocity
province (LLSVP) during the Jurassic-Cretaceous as suggested by Harrington et al. (2019). We see this upwelling beneath the
western region of Australia in our dynamic topography snapshots (Figure 5). Anomalously high elevations of the South African
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craton during this time has previously been attributed to its similar position on the opposite side of the LLSVP (LithgowBertelloni and Silver, 1998, Barnett-Moore et al., 2017).
However, the Boussinesq Approximation models typically overestimate dynamic topography by a factor of two relative to
estimates of oceanic residual topography (Hoggard et al., 2016, Flament, 2018, Steinberger et al., 2019). This occurs as BA
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models lack the heat generated by viscous dissipation, increasing the residence time and volume of subducted slabs in the
lower mantle (Lee and King, 2009, Flament, 2018). This subsequently results in an increased pull-down of the surface through
time that we observe in our BA models. As our LEMs show, using an EBA derived dynamic topography model produces a
better fit with present-day topography without having to make significant changes to the initial conditions. These lower
amplitudes, however, return us to the problem of flooding the basin to a sufficient depth and extent to deposit the kms of
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sediment during the mid Cretaceous at a time when typical eustatic sea levels curves (e.g. Haq, 2014, Haq et al., 1987, Miller
et al., 2005) indicate a low. If we consider M2 and M3 for example, these EBA based LEMs experience no significant flooding
events through their model runs using our HSL curve. Gurnis et al. (1998)’s initial proposition of dynamic topography alone
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as a solution to this apparent incongruity, was based on the overestimates of dynamic topography amplitudes returned by BA
geodynamic models.
455
However, even in our LEMs based on BA models, such as M1, we are unable to produce extensive marine deposits with the
HSL curve. Most ‘global’ sea level curves have been constructed by biostratigraphic correlation of largely northern and central
European basins, often limited by the provincial nature of ammonite and microfossil assemblages used for correlation
(Immenhauser, 2005, Haq, 2017). The original long-term curve for the Jurassic from Haq et al. (1987) was also based on
460

continental flooding data, assuming large scale flooding events are caused only by rising sea levels in lieu of a mechanism to
explain continental scale vertical motions. The curve of Miller et al. (2005) was based on data from the New Jersey margin,
which has since been shown to have experience dynamic subsidence of up to 180 m during the Cetaceous and Cenozoic (Müller
et al., 2008). This suggests there is inherent local bias to ‘global’ sea level reconstructions that do not reflect true eustatic sea
level change. Alternatively, with newer sea level curves derived from global plate reconstructions that estimate ocean basin
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volume changes through time (Müller et al., 2018b, Müller et al., 2008), the primary driver of long-term sea-level variations,
removes this regionality from sea level curves. It is, however, important to note the uncertainties in plate reconstructions
surrounding ocean basin geometries also flow on to the resulting sea level estimates, including oceanic spreading rates, the
length of mid ocean ridge systems, intra-oceanic back arc-basins, and oceanic plateaus, for which evidence has since been lost
to subduction. This is reflected in the large variations in amplitude of OBV derived curves in Müller et al. (2018b). The OBV
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curve we use from Müller et al. (2018b) in our preferred model M4, shifts the peak Cretaceous sea level event to the the Early
Cretaceous as a result of increased mid-ocean ridge activity. Applying this sea level curve to the high amplitude dynamic
subsidence of the BA models through the Cretaceous however, results it too much inundation, in both longevity and depth,
resulting in the deposition of marine sediment thicknesses in excess of ~1.5 km in M5, exceeding the maximum ~1000 km
observed thickness of basin stratigraphy by 50% (Figure 2). The combination of the lower amplitude dynamic subsidence
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signal from our EBA model and an Early, rather than Late Cretaceous sea level peak, provides a better explanation of the
paleogeographic record than a primarily dynamic topography induced flooding event as suggested by Gurnis et al. (1998).
Isolating the OBV curve in M7, shows without any dynamic topography we have no mechanism to generate regional scale
subsidence in the GAB and therefore accommodation space for marine deposition to occur.
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Our EBA based LEMs are also the only models to produce a northward tilting of the continent in dynamic topography at the
present day (D10 Figure 5). This tilting has long been identified by the asymmetry in Neogene to present-day stratal stacking
patterns of the continental shelves along the northern and southern Australian margins (Sandiford, 2007, Dicaprio et al., 2009,
Czarnota et al., 2013). Anomalous Neogene subsidence along the Northwest Shelf has been well constrained by seismic
surveys and backstripping, varying in amplitude along the shelf from ~300 m to up to 700 m (Czarnota et al., 2013, Sandiford,
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2007). In contrast, coastal basins along the southern margin record progressive offlap and uplift as paleo-shorelines migrated
from their inland Early Neogene positions up to ~250 m above present-day sea level (Sandiford, 2007). The orientation and
15

magnitude of this tilt however, is not replicated by most published geodynamic models which instead typically produce a west
to north-westward downwards tilt of the continent. DiCaprio et al. (2011) is the lone exception, producing a clear north
eastward tilting of the continent through the Neogene, however, their models were run only from 50 Ma to the present. Our
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LEM experiments show that for most BA based models (M1, APM1-8) where remnant Gondwanan slab and associated east
to west wave of dynamic subsidence, remains dominant on for a long period of time, resulting in significant shoreline retreat
along the western and north-western margins through the Neogene and an elevated land connection to New Guinea at the final
timestep, which are incompatible with observations (Figure 8, AP Figure 1). The N-S rather than E-W tilt in our EBA models
is due to shear heating that reduces the influence of the remnant eastern Gondwanan slab into the Cenozoic relative to the BA
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models. As a consequence, the subducted material from the more recent Eocene to present subduction systems active along
the New Guinea margin and Melanesia, induce a greater draw down over time as Australia migrated northward over these
slabs. This achieves a similar result to DiCaprio et al. (2011) where the more recent model window is not impacted by earlier
slab remnants interacting in the mantle, and only the Melanesian slabs are present to induce dynamic subsidence in the north.
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The uplift history of the eastern highlands of Australia from the Cretaceous to the present-day however, represent a
shortcoming in our EBA models. Müller et al. (2016) suggest that the two-phase uplift history of the eastern highlands
(Czarnota et al., 2014) can be accounted for by the dynamic rebound of the eastern margin after cessation of subduction, and
eastward movement away from the downwelling remnant slab. Whilst we see this occur in our BA series through the Cenozoic,
the EBA model diverges significantly, displaying a substantial subsidence trend to the present-day (Figure 6). To achieve an
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elevated Eastern Highlands at the present day we required the addition of another source of uplift in the LEMs, and be
consistent with the denudation of ~2 km of strata observed along the eastern margin (O’Sullivan et al., 1995, O’Sullivan et al.,
2000, Raza et al., 2009). This missing element may be explained by small scale convection at passive margins that may
contribute to dynamic uplift of a magnitude of a few hundred meters not captured in our global geodynamic models (Sacek,
2017).
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Tie back to uncertainty in models due to multitude of variables that may not be well constrained at sufficient temporal or
spatial resolution (e.g. erodibility, initial topography, rainfall) and interactions between variables. We are not aiming to exactly
replicate depositional facies in the basin as we will never be able to do so with so many uncertainties in our input parameters.
We are also constrained by the limitations of pyBadlands to simulate tectonic processes, including the significant fault
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displacement within the central Eromanga basin along pre-existing basement faults of between 300 and 800 m (Hoffmann,
1989, Ransley and Smerdon, 2012). Many of the marine units in the Eromanga basin are <100 m thick varying in thickness
down to 10s of metres, that may not be resolved in our kilometre scale models.
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5 Conclusion
We modelled the surface process evolution of the Australian continent from the Late Jurassic to the present day to determine
the relative importance of eustasy and dynamic topography to the continental scale flooding of the Eromanga Sea during the
mid-Cretaceous. Our preferred model combines dynamic topography derived from an Extended Boussinesq Approximation
mantle flow model, with an ocean basin volume derived sea level curve from Müller et al. (2018b) with a sea level high at 120
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Ma. Our results show that the lower dynamic topography amplitudes better reflect the vertical motion of Australia through
time compared to those using a Boussinesq Approximation that have typically been used to study the Australian continent but
have since been shown to significantly overestimate dynamic topography. Our results contrast the prevailing concept of a
wholly dynamic subsidence driven flooding event as proposed by Gurnis et al. (1998). Instead we propose that dynamic
topography was only a component of the inundation and retreat of the Eromanga Sea in conjunction with global sea level

530

changes. This combination not only provides a better match with interpreted stratigraphy in the Great Artesian Basin, and the
present day coastline, but also reconciles the Neogene N-S tilting experienced by the Australian continent that is well
constrained in previous studies by Sandiford (2007), DiCaprio et al. (2011) and Czarnota et al. (2013). We employ a novel
method comparing the predicted sedimentary package produced from LEMs to interpreted paleoenvironments in the GAB to
discriminate between dynamic topography and sea level pairings. Our work suggests that there is a need to further examine
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the amplitudes and trends presented in published ‘global’ sea level curves, particularly in the context of landscape evolution
models, given their inherent regional bias and large influence over modelled basin depositional trends.
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Figure and table contents – for easy reference
Table 1: Dynamic topography models.
Table 2: pyBadlands static parameters common to all LEMs.
Table 3: LEM model parameters.
Figure 2: Total sediment thickness in the Great Artesian Basin
Figure 3: (A) Combined and paleogeography of the Australian continent. Estimated elevations for each
paleoenvironment was used to generate the initial paleo-topography (B).
Figure 4: Alternative plate reconstructions used in our geodynamic models.
Figure 5: Dynamic topography snapshots from geodynamic models with a Boussinesq Approximation (D9) (left)
and Extended Boussinesq Approximation (D10) (right).
Figure 6: Dynamic topography extracted through time from geodynamic models at Charlieville 1 (Figure 1).
Figure 7: Regions of additional uplift and subsidence
Figure 8: Time-dependent topographic evolution of LEMs and their match to corresponding paleogeographic
snapshots from Struckmeyer and Totterdell (1990) (Paleoenvironment legend in Figure 2).
Figure 9: Residual topography for LEMs at the final time step and present-day topography of the Australian
continent from ETOPO-1.
Figure 10: Modelled thickness of sediment in Great Artesian Basin at the final time-step.
Figure 11: Cross sections through GAB, with synthetic well locations indicated
Figure 12: Time-dependent cross section through sediment layers of preferred model (M4) at key times.
Figure 13: Synthetic wells, W1 and W2 (see Figs. 10 and 11)

Table 3: Dynamic topography models. η(r) viscosity factor defined for four layers: above 160 km, 160-310 km, 310-660
km and below 660 km depth. →100 indicates viscosity increases linearly to 100 in the lower mantle.

Model No.

Reconstruction

Rayleigh
number

D1
(M4 Müller et al.
2016)
D2
(M2 Müller et al.
2016)
D3
(Case 24 F17)
D4
(C4 Zahirovic et al.
2016)
D5 (M1 Müller et al.
2016; C2 Zahirovic et
al. 2016)
D6

Shephard et al. (2013,
2014).

8.60E+08

(Zahirovic et al.,
2014)

8.60E+08

2014.1 VDM
401
(Zahirovic et al.,
2014)

D7
D8
D9
(C5 Zahirovic et al.
2016)
D10

Rheology
Upper thermal
boundary layer

ITBL
Thickness (km)

Astheno-sphere

Half-space
cooling

113

Yes

1,0.1,1,100

Half-space
cooling

113

No

8.60E+08

1,0.1,1,100

113

Yes

8.60E+08

1,0.1,1,10→100

Half-space
cooling
Half-space
cooling

113

Yes

(Zahirovic et al.,
2014)

8.60E+08

1,1,1,100

Half-space
cooling

113

No

(Zahirovic et al.,
2016)
(Zahirovic et al.,
2016)
(Zahirovic et al.,
2016)
(Zahirovic et al.,
2016)

8.60E+08

1,0.1,1,100

225

Yes

8.60E+08

1,0.1,1,10

113

Yes

8.60E+08

1,0.1,1,10→100

113

Yes

8.60E+08

1,0.1,1,10→100

Half-space
cooling
Half-space
cooling
Half-space
cooling
Plate model (SF
max age 80)

113

Yes

(Zahirovic et al.,
2016)

η(r)
Boussinesq Approximation
1,1,1,100

Extended Boussinesq Approximation
5.05E+08
Temperature
dependent
viscosity

Table 2: pyBadlands static parameters common to all LEMs. These values are uniform across all LEM models tested
to isolate the effects of dynamic topography and sea level on the models. Rainfall values from Harrington et al. (2019).
For 10 Ma to the present day we apply pyBadlands’ orographic rainfall functionality, scaling rainfall linearly with
elevation for this time period.
Parameter

Value

Grid resolution

50 km

Elastic thickness (Te)

24 km

Erodibility
2 × 10!

Eastern Australia
Western Australia

8 × 10"

Volcanic Arc

1 × 10#

m

1

m

0.5

Rainfall (m)
150-40 Ma

1.2

40-20 Ma

0.9

20-10 Ma

1.1

10-0 Ma

1.1 (up to 5 m at
4000 elevation)
0.01

Sediment accumulation
Surface porosity

0.49 (Decay
length 3704)

Table 3: Timing and total values of uplift and subsidence of rifted and collisional terranes. Geometries following
reconstruction Zahirovic et al. (2016) and Harrington et al. (2019).
Terranes

Time Period

Total uplift and
subsidence (m)

Greater India

150 - 132 Ma

-4000

Antarctica

146 - 5 Ma

-4000

Segment 1

110 - 95 Ma

-4000

Segment 2

90 - 75 Ma

-4000

Segment 3

80 - 64 Ma

-4000

Segment 4

72 - 62 Ma

-4000

Australia Antarctica rift flank

146 - 95 Ma

500

Collisional
terrains

Sepik Terrane

35 - 20 Ma

2000

Torricelli-Finisterre Arc

12 - 0 Ma

2000

New Guinea Highlands

13 - 0 Ma

6000

Eastern
Highlands

North

85 - 0 Ma

400

South

86 - 0 Ma

2500

Flinders Ranges

10 - 6 Ma

300

Volcanic Arc

130 - 100 Ma

30000

Rifted
terrains

Lord Howe
Rise

Table 4: LEM model parameters. Rainfall, erodibility, and lithospheric elastic flexure remain constant for these LEMs
as per Table 3.
Landscape
evolution model

Boussinesq
Approximation

Sea level
curve

M1

Dynamic
topography
model
D9

BA

M2

D10

EBA

M3

D10

EBA

M4

D10

EBA

M5

D9

BA

M6

No DT

-

M7

No DT

-

Hybrid Short
Term
Hybrid Short
Term
Hybrid Long
Term
Ocean basin
volume
(Müller et al.
2018)
Ocean basin
volume
(Müller et al.
2018)
Hybrid Short
Term
Ocean basin
volume
(Müller et al.
2018)

Figure 4: Total sediment thickness in the Great Artesian Basin (GAB) from Geoscience Australia (2013d) calculated
from base of Jurassic-Cretaceous units (base of Hooray Sandstone and equivalents, including the Algebuckina and
Namur Sandstones, Tithonian-Valanginian in age) to present day, with basin subdivisions: EB, Eromanga Basin; SB,
Surat Basin; CB, Carpentaria Basin. Maximum sediment thickness is 2175 m. Exhumation estimates (red) since the
mid Cretaceous from Raza et al. (2009). Subsidence recorded at wells Charleville 1 and Eromanga 1 previously assessed
in relation to dynamic topography acting on the GAB by Matthews et al. (2011).

Figure 2: Stratigraphic chart modified from (Hall et al., 2015) for the Eromanga Basin, the largest component of the
Great Artesian Basin. Minimum (mn.) and maximum (mx.) thicknesses indicated for each formation. Grouped into
four simplified paleoenvironment categories, marine muds, shallow marine and deltaic sands, fluvial/lacustrine
deposits, and non-marine sands, following Norvick (2005).

Figure 3: (A) Combined and paleogeography of the Australian continent (AUS) and New Guinea (NG) from
Struckmeyer and Totterdell (1990) and Norvick (2003). Reconstructed positions of future rifted continental blocks of
Antarctica (ANT), Greater India (IND), Lord Howe Rise (LHR) and the future collisional Sepik Terrane (SP). Tasman
Line divides the model surface into regions of relatively high (east) and low (west) erodibility. Estimated elevations for
each paleoenvironment was used to generate the initial paleo-topography (B) per Harrington et al. (2019).

Figure 4: Alternative plate reconstructions used in our geodynamic models. The key differences in these
reconstructions are in the longitudinal position of the East Gondwana subduction zone in the Cretaceous, and the
evolution of the plate boundaries in the New Guinea region since the latest Jurassic.

Figure 5: Dynamic topography snapshots from geodynamic models with a Boussinesq Approximation (D9) (left) and
Extended Boussinesq Approximation (D10) (right). Both models shown here are based on the same plate
reconstruction. For input to our LEMs, these grids are rotated to an Australian fixed reference frame, where the
difference between each timestep is calculated and applied as an uplift condition. The EBA model produces an

increasingly northward tilt of the continent between the 50 Ma and present-day snapshots, contrasting the strongly
east-west tilt in the BA models.

Figure 6: Dynamic topography (DT) extracted through time from geodynamic models (Table 1) at Charlieville 1
(Figure 1). Three alternate sea level curves tested in our LEMs: HST, Hybrid short-term level curve combining Haq
et al. (1987) updated sea level curve (as presented in Miller et al. (2005)) for the Cenozoic, Haq (2014) for the
Jurassic, and Haq (2017) for the Cretaceous; HLT, Long-term version of the hybrid curve; MM6, sea level curve
derived from ocean basin volume from Müller et al. (2018).

Figure 7: Regions of additional uplift and subsidence applied to the surface process model to impose ‘tectonic
uplift/subsidence’ events such as rifting and collision of terranes. See Table 3 for corresponding uplift and subsidence
values.

Figure 8: Time-dependent topographic evolution of LEMs and their match to corresponding paleogeographic
snapshots from Struckmeyer and Totterdell (1990) (Paleoenvironment legend in Figure 2). Ocean areas below 1500 m
below sea level are not shown. Model M4, our preferred model (P), produces flooding of the Eromanga Sea from ~135
Ma, beginning its retreat northward through from 105 Ma.

Figure 9: Residual topography for LEMs at the final time step and present-day topography of the Australian continent
from ETOPO-1. All models show at least a slight (50-150 m) overestimation of present-day elevations in the east and
underestimation in the west, however, the strong east-west tilt in BA based LEM in M1 and M6 shows a much poorer
fit to present day topography than EBA based models M2-M4. Outline of GAB shown.

Figure 10: Modelled thickness of sediment in Great Artesian Basin at the final time-step. The location of basin cross
sections in Figure 11 is indicated by dashed lines, and the location of the synthetic wells W1 (west) and W2 (east) along
the section as white dots. All LEMs model a primary depocenter within the bounds of the GAB.

-

Figure 11: Cross sections through GAB, with synthetic well locations indicated, lines represent 1 Myr intervals, thick
black lines indicate change in key periods: base of Early Cretaceous (145 Ma), Aptian (126 Ma) , Albian (113 Ma) ,
Turonian (94 Ma), and Cenozoic (66 Ma). Dotted base of Albian (113 Ma) line approximate divide between Early
Cretaceous marine sediments, and transition to fluvial sediments. The bottom right panel represents the real-world
thickness of sediments from Geoscience Australia base depths for the Hooray Sandstone (2013d), Rolling Downs Group
(2013c), Mackunda formation (2013b), and Cenozoic sediments (2013a).

Figure 12: Time-dependent cross section through sediment layers of preferred model (M4) at key times. Each line
represents 1 Myr interval, thick black lines indicate change in key periods: base of Early Cretaceous (145 Ma), Aptian
(126 Ma) , Albian (113 Ma) , Turonian (94 Ma), and Cenozoic (66 Ma). Dotted base of Albian (113 Ma) line approximate
divide between Early Cretaceous marine sediments, and transition to fluvial sediments.

-

Figure 13: Synthetic wells, W1 and W2 (see Figs. 10 and 11), from LEMs showing paleo-water depth at the time of
deposition, compared to stacked paleogeographic column extracted from Struckmeyer and Totterdell (1990). At
location W2, uplift and erosion has removed sediments deposited after ~90 Ma across all our models. The age layer
exposed at the surface for this location is given at the top of each column.

Figure 14: Erosion deposition rates derived from the uncompacted cumulative erosion-deposition grids outputted by
pyBadlands. We see two distinct phases, one of deposition in the Early Cretaceous (~140 – 90 Ma), switching to uplift
and erosion from ~90 Ma. Erosion following cessation of subduction along the eastern margin, and subsequent uplift
of the Eastern Highlands, is most

2013a. Layer 02 Base of Cenozoic surface. Geoscience Australia.
2013b. Layer 03 Base of Mackunda Formation and equivalents surface. Geoscience Australia.
2013c. Layer 04 Great Artesian Basin base of Rolling Downs Group surface. Geoscience Australia.
2013d. Layer 05 Great Artesian Basin base of Hooray Sandstone and equivalents surface. Geoscience Australia.
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